Pioneer longitudinal axons grow long distances parallel to the floor plate and precisely maintain their positions using guidance molecules released from the floor plate. Two receptors, Robo1 and Robo2, are critical for longitudinal axon guidance by the Slit family of chemorepellents. Previous studies showed that Robo1
Introduction
Longitudinal axons connect anterior and posterior regions of the central nervous system. These tracts are established early in embryonic development as a scaffold for subsequent axons (Chedotal et al., 1995; Easter et al., 1993; Easter et al., 1994; Mastick and Easter, 1996) . Several populations of longitudinal axons form parallel tracts at a range of specific dorsal and ventral positions. Although several molecules that guide longitudinal axon have been identified, how these molecules act to direct these different populations of axons is unclear.
The Slit chemorepellents are critical signals from the ventral midline that guide many axons, particularly commissural axons which cross the midline and then turn longitudinally (Brose et al., 1999; Kidd et al., 1999) . The vertebrate Slit receptors Robo1 and Robo2 have distinct expression patterns in subpopulations of post-crossing commissural axons that suggest roles in positioning axons into distinct longitudinal tracts. Robo1 is expressed in both ventral and lateral tracts, whereas Robo2 is expressed laterally (Long et al., 2004) . Mutations in either Robo change the cross-sectional area of the tracts: Robo1 mutations result in increased axons in lateral tracts, and Robo2 mutations result in increased axons in ventral tracts (Long et al., 2004; (Jaworski et al., 2010) . In addition, Robo1 mutations increase axon stalling within the floor plate (Jaworski et al., 2010; Long et al., 2004 ).
Similar to post-crossing commissural axons, Robo1 and Robo2 mediate Slit guidance of pioneer longitudinal axons in mouse embryos (Farmer et al., 2008) . Robo1
−/−
;2 −/− double mutants have widespread errors in longitudinal tracts, including midline crossing and wandering (Farmer et al., 2008) . However, Robo1 or Robo2 single mutants were less informative, as the ventral-most tract was only mildly defasciculated in Robo1 mutants and no longitudinal tract defects were apparent in Robo2 mutants (Farmer et al., 2008) . The failure of homozygous mutants for either Robo gene to reveal distinct functions suggested two possibilities: Robo1 and 2 share genetically overlapping functions in pioneer longitudinal axons, or they have separate functions that could only be detected using a more sensitive genetic strategy.
To investigate the distinct roles of Robo1 and Robo2 in guiding pioneer longitudinal axons, we generated mutant mice which carried a single wildtype allele of either Robo1 or Robo2 in a homozygous mutant background for the other Robo gene, i.e. Contents lists available at ScienceDirect Developmental Biology j o u r n a l h o m e p a g e : w w w. e l s ev i e r. c o m / d eve l o p m e n ta l b i o l o g y
Materials and methods

Mouse embryos
Wildtype CD-1 mice (6-8 weeks old) were purchased from Charles River Laboratories (Wilmington, MA USA). Mice were maintained and the experiments carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All protocols were approved by University of Nevada, Reno Institutional Animal Care and Use Committee. The animals were anesthetized by CO 2 inhalation and killed by decapitation. Embryonic day 9.5 (E 9.5) and E10.5 embryos were obtained via uterine dissection. The Robo mutant strain was a gift of Marc Tessier-Lavigne, Genentech. PCR genotyping was performed as previously described (Grieshammer et al., 2004; Plump et al., 2002) .
Immunohistochemistry
For whole-mount immunolabeling, embryos were fixed in 4% PFA overnight and prepared by dissecting out the neural tube and washing for several hours in PBS containing 10% FBS and 1% Triton X-100 (PBST). Primary antibodies (rabbit anti-βIII-tubulin (Covance), rabbit anit-Robo1 and Robo2) were applied in PBST for 2-3 days. After washing in PBST overnight, secondary antibodies (Jackson Immuno Laboratories) were applied in PBST for 2-3 days, followed by overnight washes. For cryostat section immunolabeling, embryos were embedded in sucrose/gelatin, and then sectioned at 14 μm using a cryostat (Leica). To melt gelatin off of tissue sections, slides were placed in warm (37-45°C) 0.1 M phosphate buffer for a couple of minutes. Sections were washed for 30 min to an hour in PBST (0.1% Triton X-100). Primary antibody was applied, and then slides incubated in a humidified chamber for 4 h to overnight. After washing several hours in PBST, secondary antibodies were applied for 2 h, followed by several washes.
DiI labeling
To trace ventral or dorsal bundles, embryos were fixed in 4% PFA overnight. Embryos were dissected using fine forceps to gently remove the skin and mesenchyme, just over the target site. Small crystals were inserted using a fine tungsten needle under a dissecting microscope. The embryos were placed in 37°C incubator for 1-2 days in 4% PFA to allow the dye to diffuse, and then examined by fluorescence microscope.
Quantification of MLF and LLF trajectories' defects
The distance between MLF bundles and the midline was used to quantify position of MLF tracts. TIFF images of βIII-tubulin labeled embryos at E10.5 were imported and the distances were measured by Image J (Meijering et al., 2004) . Varying sizes of embryos were normalized by the embryo width at MHB. The number of axons in the floor plate and crossing the midline was counted under a fluorescence microscope from βIII-tubulin labeled whole mount embryos at MHB. The number of cell bodies in the floor plate was measured under a fluorescence microscope from cryostat sections at MHB. The density of MLF fibers was measured from diI labeled images using the plot profile tool of Image J. Using plugin tools, grids were drawn on the image to create standard lines for measurement. These lines were then analyzed for their pixel gray levels to illustrate the distribution of the MLF bundles starting with those closest to the ventral midline going out to the dorsal edge. These measurements were taken from three different locations along the length of the MLF bundles and then averaged.
The distance and the angle between LLF axons and the midline were used to quantify LLF positioning. The measurements were performed from βIII-tubulin labeled embryos at E10.5, with varying stages of embryos normalized by embryo width.
Data are expressed as means ± S.E.M. Data sets were tested for significance using student t-test to analyze two groups. Data are considered significantly different from the control values when p b 0.05.
Results
Robo1 is highly expressed in ventral tracts and Robo2 is mainly expressed in dorsal tracts
As a first step to evaluate the separate functions of Robo1 and Robo2 in pioneer longitudinal axon guidance, we examined the receptor expression in different populations of the longitudinal tracts by antibody labeling. The longitudinal pioneer axon populations consist of the ventral-most tract, the medial longitudinal fascicle (MLF) which is adjacent to the floor plate, and the dorsal most tract, the lateral longitudinal fascicle (LLF), as well as longitudinal axons at intermediate positions, the ILF. Robo1 was expressed at highest levels in the MLF and somewhat lower levels in the ILF and LLF (Fig. 1A-C ). Robo2 was highly expressed in the LLF, and but could also be detected in the ILF and MLF ( Fig. 1D-F ;2 +/− to assess the ability of a single copy of a wildtype allele of either Robo isoform to restore normal axon trajectories. For these sets of genotypes, we characterized longitudinal axonal phenotypes focused on ventral and dorsal populations. To reveal the overall patterns of pioneer longitudinal axons, we used neuron-specific βIII-tubulin antibody at E9.5 and 10.5 when those axons were first established during embryonic development (Mastick and Easter, 1996) . In addition, to selectively tract ventral or dorsal axons, lipophilic diI crystals were employed at E10.5 (Supplementary Table 1 ).
The wildtype MLF and LLF tracts were established by E9.5 (Fig. 2) . In wild type, MLF axons had trajectories parallel to the midline. The tracts had fasciculated bundles, reaching posteriorly to the midbrain hindbrain boundary (MHB) (Fig. 2A, A′) . LLF axons intermingled around the MHB and then projected fasciculated bundles to rhombomere 4 (r4) (Fig. 2A, A″) . βIII-tubulin antibody labeling and diI tracing for MLF tracts at E10.5 showed that longitudinal axons continued parallel trajectories to the midline and no longitudinal axons were observed in the floor plate at the MHB (Fig. 3A-A″) . In Robo1
−/−
;2 −/− double mutants, both dorsal and ventral axon populations were strongly disrupted, as previously reported (Farmer et al., 2008) . At E9.5, MLF axons failed to project parallel to the midline and entered into the floor plate (Fig. 2B, B′) . LLF axons were disorganized and fail to merge at the MHB. These scattered LLF axons could not project as far as the wildtype axons in r4 (Fig. 2B, B″) . βIII-tubulin labeling and diI tracing for MLF axons at E10.5 showed that these axons deviated into the floor plate and bundled in the midline (Fig. 3B-B″) . Thus, the organized array of pioneer longitudinal tracts is strongly disrupted by the loss of both Robo1 and 2. We then set out to test the individual functions of each receptor.
Robo1 has a distinct role in regulating trajectories of ventral axons
To test the role of Robo1, we examined embryos carrying a single wildtype Robo1 allele, i.e. Robo1 . At E9.5, MLF bundles had normal trajectories, in which the axons were fasciculated with parallel paths to the midline (Fig. 2C, C′) . At E10.5, MLF axons still had fasciculated trajectories (Fig. 3C-C″) . Interestingly, a few longitudinal fibers were observed in the floor plate, but these axons appeared to originate not from the MLF, but from the cell bodies located in the midline (Fig. 3C-C″, Supplementary Fig. 2 ). Similar to Robo1 −/− ;2 −/− , some populations of the LLF tracts deviated toward the midline. These axons remained shorter than wild type as they failed to reach down to r4 (Fig. 2C, C″) . Therefore, the single Robo1 allele appeared unable to restore wildtype LLF trajectories.
To quantify the Robo1 effects, the position of the MLF tracts were determined by measuring the distance between MLF bundles. The distance was not significantly different compared to littermate controls (Fig. 4A) . The density of MLF fibers showed that these mutants had normal fasciculated MLF tracts (Fig. 4B) .
Taken together, these results suggest that MLF trajectories could be restored to nearly normal by a single wildtype Robo1 allele. In this context, Robo1 functions to set the position of the MLF tracts and to fasciculate the bundles.
Robo2 has a distinct role in regulating trajectories of dorsal axons
To test the function of Robo2, we examined embryos carrying a single wildtype Robo2 allele, i.e. Robo1 −/− ;2 +/− . Robo2 mostly restored wildtype LLF axon trajectories that were strongly disrupted in Robo1
;2 +/− mutants had normal LLF trajectories in which the tracts merged at the MHB and projected fasciculated axons down to r4 (Fig. 2D, D″) . Robo2 appeared to have some influence on MLF trajectories, but did not completely restore them to the wildtype phenotype. MLF axons had wider and defasciculated tracts at E9.5 and 10.5 (Figs. 2D  and3D) . During early growth, unlike Robo1 −/− ;2 −/− double mutants, MLF axons did not enter into the floor plate when one copy of Robo2 is present (Fig. 2D, D′) . At E10.5, MLF axons were still defasciculated and a subset population of the axons deviated into the floor plate and crossed the midline (Fig. 3D, D′) . Interestingly, the distance between MLF bundles of the mutants was significantly decreased compared to littermate controls (Fig. 4A) . MLF tract tracing of the mutants showed that these axons formed wider defasciculated tracts and turned slightly toward the midline (Fig. 3D″) . MLF tract scanning showed that the density of MLF fibers was significantly decreased compared to wild type and Robo1 +/− ;2 −/− embryos (Fig. 4B ). In addition, some of the axons crossed the midline when a single wildtype Robo2 allele was present. However, no longitudinal fibers were observed in the floor plate (Fig. 3D″ ). This indicates that Robo2 prevents longitudinal axon growth within the floor plate, but is not sufficient to prevent entering and crossing the midline. Robo2 is also not required for proper positioning of MLF tracts. To test which Robos are important for LLF axon trajectories, we traced LLF tracts using diI. The crystals were placed into normal LLF path, next to the MHB (Fig. 5) . As measures of the LLF trajectories, we determined the distance and the angle between LLF tracts and the midline. The distance was significantly decreased and the angle was significantly increased when one copy of wildtype Robo2 was not present. However, no further ventral shifting was observed in Robo2 homozygous mutants (Fig. 5D ). In contrast, altering Robo1 dosage did not change the distance and the angle. Summary graphs show the differences between Robo2 +/− or Robo2 −/− and Robo2 +/+ (Fig. 5G, H ).
Taken together, these findings suggest that LLF tracts require Robo2 for their normal trajectories ( Supplementary Fig. 3 ).
Robo2 prevents ectopic neuron cell bodies in the floor plate
An observation in Robo1 +/− ;2 −/− embryos was that some populations of longitudinal fibers were located in the floor plate. Although the floor plate is normally devoid of any neuron cell bodies, surprisingly, longitudinal fibers appeared to originate from neuron cell bodies located in the floor plate ( Supplementary Fig. 2 ). To further examine these neurons, we performed immunostaining with βIII-tubulin on transverse cryosections at E10.5. The number of cell bodies in the floor plate was measured at the MHB. Consistent with whole mount observations, commissural axons crossed the FP and no neuron cell bodies were detected in the floor plate of wildtype embryos (Fig. 6A) . In Robo1 −/− ;2 −/− double mutants, neuron cell bodies were seen in the floor plate (Fig. 6B, B′) . Clusters of βIII-tubulin + cell bodies were located at and near the ventral midline, generally just on the ventricular side of the commissural bundle. Robo1
;2 −/− mutants also had neuron cell bodies in the floor plate (Fig. 6D, D′) . However, a single wildtype Robo2 allele was sufficient to prevent the appearance of neuronal cell bodies in the floor plate, suggesting that Robo2 is a critical regulator preventing this phenotype ( Fig. 6C ; Table 2 ).
Discussion
The purpose of this study was to examine the distinct functions of Robo1 and Robo2 in pioneer longitudinal axon guidance. The two receptors are closely related: Robo1 and Robo2 have similar Slit binding affinities (Brose et al., 1999) , and similar intracellular motifs for signal transduction. Whether they are equivalent on the functional level remains unclear, particularly for longitudinal axons. We previously found that longitudinal pioneer axons had normal projections in Robo2 single mutants, and only a slight defasciculation of ventral tracts in Robo1 single mutants (Farmer et al., 2008) . However, Robo1/2 double mutants had strong disruptions of all longitudinal pioneer tracts, suggesting that Robo1 and 2 functions largely overlap. In this study, we undertook a more sensitive genetic strategy by assaying how longitudinal axons navigated with only one functional copy of either Robo1 or 2.
The main conclusions are that while Robo1 and Robo2 are genetically redundant, the two genes have distinct roles in pioneer longitudinal axon trajectories: Robo1 has a specialized function in ventral axons, and Robo2 in dorsal axons. An additional function for Robo2 is to prevent neuron cell bodies from taking up residence in the floor plate.
For Robo1 and 2 to have distinct functions, three mechanisms could be considered: the two receptors could have spatial distinct expression on different axon populations, the receptor expression could overlap but have different levels of expression on different axon populations, or the receptor expression could overlap but with each receptor carrying out intrinsically distinct activities. Our current study provides evidence to distinguish between these possible mechanisms for Robo1 and 2.
Robo1 and 2 have considerable overlap in their genetic functions
Expression of different combinations of Robo isoforms in different longitudinal tracts were the basis for a "Robo code" of three Drosophila Robos to specify longitudinal tract positions in the Drosophila nerve cord (Rajagopalan et al., 2000; Simpson et al., 2000) . In the vertebrate spinal cord, a more limited code with only two Robos potentially differentiates between dorsal and ventral post-crossing axon types (Long et al., 2004) . In contrast, we show here that Robo1 and 2 are coexpressed on both dorsal and ventral pioneer longitudinal axons, and this overlap argues against a strictly segregated Robo code. These new antibody reagents are more sensitive than those we used previously (Farmer et al., 2008) , and revised our previous conclusions of a partially segregated pattern. In fact, the overlap of Robo1 and 2 expression in the MLF is consistent with the stronger midline crossing phenotypes seen in Robo1/2 double mutants. Either Robo can partially compensate for the loss of the other.
Robo1-specific functions in ventral longitudinal tracts
However, the expression level of the receptors clearly varies between populations. Robo1 expression is higher on ventral axons, and Robo2 is higher on dorsal axons. It is important to note that the labeling intensity of the two antibodies cannot be compared to each other, leaving unresolved whether specific axon types contain different summed levels of Robos. A recent study revised the fly Robo code with gene swaps that show that Robo isoforms are interchangeable, implying that the promoter-specific levels of expression are critical to set the position of different longitudinal tracts (Spitzweck et al., 2010) . Similar gene swaps in mice have not yet been made. However, we observe that the distinct roles for each Robo are consistent with their levels of expression in different longitudinal axon types. Robo1 is clearly the predominant functional Robo for MLF axons, as even a single Robo1 wildtype allele was sufficient for MLF axons to remain ipsilateral and to grow straight and fasciculate. In contrast, Robo2 wildtype alleles were not sufficient for MLF guidance, likely due to the very low Robo2 expression levels. The most straight forward model for MLF axons is that Robo1 is the most important due to its higher level of expression, though it is formally possible that Robo1 has a MLF-specific function that Robo2 lacks. We have evidence that MLF tract position shifts ventrally in response to reduced Slit gene dosage and thus these axons navigate in part by repulsion from the ventral-high gradient of Slits (Farmer et al., in revision) . The ventral Slit repulsion is counter-balanced by ventral attractive activity, at least in part from Netrin1/DCC signaling (Kastenhuber et al., 2009; Farmer et al., in revision) .
Robo2-specific functions in dorsal longitudinal tracts
In contrast, the dependence of dorsal axons on Robo2 lends support for the third potential mechanism of distinct functions for each isoform. Specifically, our results suggest a Robo2-specific function in dorsal axon guidance that Robo1 cannot provide. Both Robos are expressed at easily detectable levels in LLF axons, but their navigation relies heavily on Robo2. Single wildtype alleles of Robo2 are sufficient for normal LLF guidance, while Robo1 function is not. This indicates that the presence of Robo1 in LLF axons does not appear to play a role in their guidance, as Robo1 alleles cannot compensate for the loss of Robo2. Robo2 specifies the dorsal position of the tract, promotes growth so that the axons progress through the hindbrain, and maintains fasciculation of the tract. The positioning function of Robo2 implies a role in Slit signals at a long range, as LLF axons have a position far from the floor plate. The dorsal/lateral positioning of axons by Robo2 was also implied for post-crossing spinal cord commissural axons, as these depend on Robo2 to contribute to the cross-sectional area of the lateral funiculi (Jaworski et al., 2010) . Given the equivalent Slit affinity of Robo1 and 2, it may be that LLF axons have other intrinsic properties that potentiate small Slit signals. Such differences could include co-receptors or intracellular signaling partners, or even differences in receptor localization within the growth cone. The growth promoting function of Robo2 is seemingly at odds with Slit repulsion. However, Slits increase rates of axon growth away from Slit sources (Stein and Tessier-Lavigne, 2001 ). Clearly a repellent would be more effective if it promoted the growth of axons away rather than permanently stalling them. Finally, fasciculation has been implicated as a Robo function, including tracts that spread following Slit/Robo perturbations in zebrafish embryos (Devine and Key, 2008) and in mouse embryos (Dugan et al., 2011) . Together these results indicate that Slit/Robo signals function in critical and potentially diverse ways to guide longitudinal axon trajectories.
A distinct role of Robo2 in positioning neuron cell bodies
We also found an interesting phenotype in Robo1 mutants revealed that a single Robo2 allele was sufficient to prevent the appearance of the ectopic neuron cell bodies, while the presence of Robo1 had no effect (Fig. 6) . Together, these results suggest that Slit/Robo signaling is required for keeping neuron cells away from the floor plate during embryonic development. In several other cases, neuron migration has been shown to be regulated by Slit/Robo repulsion. For instance, Robo1 regulates interneuron migration in the forebrain (Andrews et al., 2006) , and Robo2 regulates migration of Drosophila sensory neurons (Kraut and Zinn, 2004) . In the hindbrain floor plate, Slit/Robo signals prevent inferior olive (IO) neurons from crossing the midline . Also, the repulsive Slit/ Robo signals maintain tangential migrations of pontine neurons (PO) by preventing ventral attraction toward the midline (Geisen et al., 2008) . Together these observations show a broad role for Slit/Robo signals in positioning neurons and their axons. Supplementary materials related to this article can be found online at doi: 10.1016/j.ydbio.2011.07.025. Table 2 Number of cell bodies in the floor pate at the MHB in whole mount and cryosection.
Genotype
Number of cell bodies Number of cell bodies/section (whole Mount) (Cryosection) 
R1
